CARDIOVASCULAR DISEASE IS the greatest cause of death in middle-aged and elderly North Americans and Europeans. Although western science has developed a number of effective treatment strategies for this disease, treatment is not perfect and often is associated with side effects. As such, there has been increasing interest from the western countries in exploring alternative medicinal treatments and considering new therapies, such as acupuncture, for cardiovascular disease. According to the World Health Organization, acupuncture is effective in more than 40 medical conditions, including cardiac pain and hypertension (24) . Experimental studies have shown that lowcurrent, low-frequency electroacupuncture (EA) employed over deep nerves, like P 5-6 (pericardial meridian) overlying the median nerve, effectively inhibits cardiovascular sympathoexcitatory reflexes and the rostral ventrolateral medulla (rVLM) presympathetic neuronal responses. Conversely, electrical stimulation of acupoints in regions that do not overlie major somatic pathway or simple insertion of a needle without manual or electrical stimulation evokes little or no acupuncture-cardiovascular response (35) . Thus there are clear pointspecific cardiovascular responses during and after EA stimulation. The arcuate (ARC) nucleus, which serves as an important source of opioid peptides in the hypothalamus (9, 27) , is thought to participate in the analgesic effect of acupuncture (33, 34) . Additionally, previous investigation (13) has shown that surgical elimination or electrolytic lesions in the ARC abolish EA inhibition of the defensive pressor response, suggesting that the ARC nucleus may be essential for EA inhibition of cardiovascular function. These studies, however, have not distinguished between axons from other cells passing through the ARC region and the perikarya of ARC neurons. Somatic afferent stimulation during EA activates neurons in the ARC and ventrolateral periaqueductal gray (vlPAG) and inhibits activity in the rVLM (12-14, 18, 32) . We have suggested that a long-loop pathway involving the ARC and vlPAG modulates cardiovascular sympathoexcitatory bulbospinal neurons in the rVLM during EA (30) . In this regard, our recent work has shown that EA along the pericardial meridian located on both forelimbs at P 5-6 acupoints activates ARC neurons in the ventral hypothalamus, which, in turn, provide excitatory projections to vlPAG (18) . In other experiments, we demonstrated that the vlPAG inhibits activity of cardiovascular sympathoexcitatory bulbospinal neurons in the rVLM, as well as increased sympathetic outflow in response to excitatory visceral reflexes. These data strongly suggest the existence of an ARC-vlPAG-rVLM neuronal pathway that serves as part of a long-loop pathway participating in EA inhibition of visceral excitatory cardiovascular reflexes (32) . By inference, we have suggested that the ARC nucleus regulates rVLM activity. However, this possibility has not been proven unequivocally. Furthermore, these data do not distinguish between poly-(e.g., through vlPAG) and monosynaptic pathways that link the ARC to the rVLM in EA modulation of sympathetic outflow and blood pressure regulation. In this regard, previous anterograde tracing studies have suggested that putative opiocortin neurons in the ARC may influence a descending system, including the nuclei raphe and the adjacent reticularis gigantocellularis pars alpha located medial to the rVLM (27) . However, there is no evidence demonstrating direct projections between the ARC and the rVLM that participate in modulation of cardiovascular function.
The aim of the present study, therefore, was to investigate the functional roles of direct and indirect projections from the ARC to the rVLM that participate in the long-loop EA inhib-itory effect of reflex rVLM neuronal activation and ultimately cardiovascular sympathoexcitation. We hypothesized that direct and indirect pathways between these two nuclei exist and that both might serve important roles in regulation of blood pressure by EA. A preliminary study of this work has been published (19) .
METHODS AND MATERIALS

Surgical Preparation
The experimental preparations and protocols for this study were reviewed and approved by the Animal Care and Use Committee of the University of California, Irvine, CA. The studies conformed to the American Physiological Society guidelines and principles for research involving animals. Adult cats of either sex (2.1-3.6 kg) were anesthetized by intramuscular injection of ketamine (40 mg/kg) followed by intravenous ␣-chloralose (50 mg/kg). Additional ␣-chloralose (5 mg/kg) was given to maintain an adequate depth of anesthesia, as assessed by the lack of a response to noxious toe pinch, a respiratory pattern that followed the ventilator (i.e., not overbreathing), and a stable blood pressure. The trachea was intubated, and respiration was maintained artificially (model 66, Harvard Apparatus, South Natick, MA). Gallamine triethiodide (4 mg/kg) was administered intravenously before neural activity was recorded to avoid muscle movement during stimulation of the somatic nerves. Arterial blood gases and pH were measured periodically in all animals with a blood-gas analyzer (model ABL3, Radiometer, Copenhagen, Denmark). Arterial PO 2 and PCO2 were kept within normal limits (CO2 30 -35 mmHg; PO2 Ͼ100 Torr) by enriching the inspired O2 supply and adjusting the ventilation rate or volume. Arterial pH was maintained between 7.35 and 7.43 and corrected, as necessary, by administering 8% sodium bicarbonate. Body temperature was monitored with a rectal probe connected to a thermistor (model 44TD, Yellow Springs Instrument, Yellow Springs, OH) and was maintained within the range of 36 -38°C by a water heating pad and a heating lamp.
The left femoral vein was cannulated for administration of drugs and fluids. Systemic arterial blood pressure was monitored with a strain-gauge pressure transducer (model 1290, Hewlett-Packard, Waltham, MA) attached to a cannula inserted in the left femoral artery.
A laparotomy provided exposure of the gallbladder or isolation of the splanchnic nerve. The splanchnic nerve was placed on a bipolar stimulating electrode connected to an isolation unit and a stimulator (Grass, model S88). Hypoxy dental glue (Pentron, Wallington, CT) was used to isolate the electrodes and hold the intact nerve in place. The abdominal wall was closed with clips to maintain moisture in the abdominal cavity and to prevent heat loss. The neural axis of the cat was stabilized with a stereotaxic head frame (Kopf). A dorsal craniotomy was performed to expose the ARC, vlPAG, and rVLM for recording extracellular activity and for bilateral microinjection of agonists, antagonists, or vehicle controls.
During renal sympathetic nerve recordings, an incision was made in the left flank region of the cat, and the retroperitoneal renal sympathetic nerve was exposed. A dissecting microscope (Zeiss) was used to isolate a branch of the renal nerve from connective tissue. The nerve was covered with warm mineral oil and placed across one pole of the recording electrode. The other pole of the recording electrode was grounded with a saline presoaked cotton thread to the animal.
Stimulation, Recording, and Microinjection Methods
The splanchnic nerve was stimulated with a current of 0.4 -0.6 mA, using a pulse width of 0.5 ms at 2 Hz with a Grass stimulator (model S88K), which was sufficient to induce a reflex increase in blood pressure. We also briefly stimulated the ARC, P 5-6, and several other acupoints to examine for evidence of convergent input in neurons located in the rostral (A 0 -3) vlPAG. Electrical stimulation was applied bilaterally using pulses of 1-4 mA, 0.5-ms duration, and 2 Hz at the P 5-6, LI 4 -11, LI 6 -7, H 5-7, St 36 -37, Sp 6 -9, K 1-B 37, or G 37-39 acupoints (Table 1) . We further evaluated the responses of these vlPAG neurons during 30 min of EA at P 5-6. Our laboratory has demonstrated previously that EA at P 5-6 stimulates the median nerve and modulates sympathoexcitatory cardiovascular responses (7, 15-17, 30, 31) . Using the atlas of Bureš et al. (4) as a guide, glass pipettes with platinum recording wires were positioned perpendicularly to the cortex (0.7-1.0 mm lateral on either side of the midline, 0 -3 mm and 9.5-11.5 mm rostral to the tentorium) and were lowered 22 and 28 mm from the dorsal surface of the midbrain and hypothalamus to access the vlPAG and ARC, respectively. Stainless steel tubes (guide tubes 0.8 mm and injection tubes 0.4 mm in diameter) for microinjection were inserted into the ARC and rostral vlPAG using the same coordinates as the recording electrodes. In We used peristimulus time histograms to assess evoked responses to stimulation of the splanchnic and median nerves and to evaluate the influence of EA on ARC and rVLM neural activity. Action potentials were amplified with a preamplifier (Grass P511k, Grass Instrument, Quincy, MA) attached to a high-impedance probe (Grass P511k), filtered (0.3-10 kHz), and monitored with an oscilloscope (model TDS 360, Tektronix, Beaverton, OR). Potentials were analyzed both visually and with a SHMU 2006 (Shanghai Medical College of Fudan University, China) program to assess wave shape, spike height, and latency from the time of stimulation. Action potentials, blood pressure, and heart rate were digitized and analyzed offline with a Pentium IV computer.
We used collision testing to determine whether neurons from the ARC projected directly to the rVLM. To accomplish this, recording/ stimulation electrodes were placed in the ARC and rVLM. The rVLM electrode was stimulated electrically (0.1-0.4 mA, 2 Hz, 0.5-ms pulses) to evoke a small, reproducible pressor response of 5-10 mmHg, which, along with anatomical evaluation after the experiment, confirmed its location. Neurograms were examined for evidence of collision of evoked antidromic spikes from the rVLM following either spontaneous or stimulus-induced orthodromic action potentials evoked by stimulating the median nerve or splanchnic nerve. Collision occurred within the critical interval (the latency plus the refractory period). Axonal conduction velocities of ARC nucleus neurons were estimated by dividing the distance between the recording electrodes in the ARC and stimulating electrodes in the rVLM by the antidromic latency. The criteria for antidromic response of the ARC neurons were a constant latency, an all or none evoked response, ability of the ARC recording to follow high-frequency stimulation of the rVLM, and a positive collision test (20, 32) .
To further categorize the cardiovascular sympathetic neurons in the rVLM, responses of rVLM neurons were assessed by stimulating or unloading the baroreceptors following intravenous injection of 10 g phenylephrine or 2.5 mg nitroglycerin, respectively.
A subgroup of rVLM neurons also was characterized by evaluating the relationship between rVLM discharge and renal sympathetic activity. To record renal nerve activity, a recording electrode was attached to a high-impedance probe (model P511k). The signal was amplified and processed through an audio amplifier. The amplified signal was monitored with an oscilloscope (model TDS 360, Tektronix, Beaverton, OR) and was processed with a Pentium IV computer for on-and offline analyses through an analog-to-digital converter four-channel data-acquisition system (SHMU). The electrical noise level in the neural recordings was determined by crushing the nerves at the end of the experiment. A window discriminator was set with a threshold just above the noise level so that only renal nerve discharge signals were counted. The relationship between neural activity, renal sympathetic nerve discharge, and blood pressure waves was assessed with time domain analysis using arterial pulse or spike-triggered averaging and with frequency domain analysis using coherence (1, 30, 32) .
Microinjection of a Retrograde Tracer into rVLM
To anatomically examine for a direct projection between the ARC and rVLM that might be involved in EA-mediated inhibition, using stereotaxic positioning to guide placement of the tip of the injection pipette in the medulla in the region of the rVLM, we microinjected a retrograde tracer in eight rats (350 -500 g). Of note, four of the eight rats were subjected to EA, while the other four rats received sham EA stimulation (see below for details). A mixture of ketamine-xylazine (80:12 mg/ml, Sigma) was used to induce (0.3-0.4 ml im) and maintain (0.1-0.2 ml im) anesthesia. Body temperature was monitored with a rectal probe and was maintained at 37°C. Heart rate and oxygen saturation were monitored using a pulse oximeter (Nonin Medical, Plymouth, MN). The rat was placed on a stereotaxic apparatus (David Kopf Instruments). A 1-in. incision was made to expose the skull. A burr hole (4 mm diameter) was made in the occipital bone, according to the following coordinates: 12.0 -12.5 mm caudal from the bregma, 2.0 -2.5 mm from the midline, and 8.5 mm deep from the dural surface (25) . One hundred nanoliters of a retrogradely transported tracer, rhodamine-labeled fluorescent microspheres in suspension (0.04 m, Molecular Probes, Eugene, OR), were injected into the rVLM through a glass micropipette. The wound was sutured shut. The microspheres were transported during the 10-to 12-day recovery and maintenance period.
Terminal procedures occurred 10 -12 days after administration of the retrograde tracer. Rats were reanesthetized with the ketaminexylazine, as described above. After tracheostomy and intubation, cannulation and monitoring for vital signs were similar to the procedures described above. Animals were stabilized for 4 h. EA or sham-operated controls for EA were conducted over a 30-min period, as described below. As noted in our laboratory's previous study (8) , 90 min following termination of EA or the control procedure, rats were deeply anesthetized with a large dose of the ketamine-xylazine (0.5-0.7 ml im). Transcardial perfusion was performed using 500 ml of 0.9% saline solution followed by 500 ml of 4% paraformaldehyde. The hypothalamus and medulla oblongata were harvested and sliced into coronal sections with a cryostat microtome (Leica CM1850 Heidelberger Strasse, Nussloch, Germany). Sections were collected serially in cold cryoprotectant solution (6) . The hypothalamus was sectioned (30 m), and neurons were labeled with retrograde microsphere tracer and stained with ␤-endorphin and/or c-Fos visualized. Sections of the medulla oblongata (50 m) were scanned to identify the sites of microinjection of the microsphere tracer.
Histochemistry and Immunohistochemistry
␤-Endorphin immunohistochemical labeling. After washing for 30 min (10 min ϫ 3 times) in phosphate-buffered saline containing 0.3% Triton X-100 (PBST; pH ϭ 7.4), hypothalamic sections were placed for 1 h in 1% normal donkey serum (Jackson Immunoresearch Laboratories, West Grove, PA). The sections were incubated with a primary rabbit polyclonal anti-␤-endorphin antibody (1:400 dilutions, Chemicon International, Temecula, CA) at 4°C for 48 h. The tissues subsequently were rinsed three times (10 min for each rinse) in PBST and were incubated with fluorescein-conjugated donkey anti-rabbit antibody (1:100; Jackson Immunoresearch Laboratories) for 24 h at 4°C. Each section was mounted on a slide and was air dried. The slides were coverslipped using mounting medium (Vector Laboratories, Burlingame, CA). Immunohistochemical control studies were performed by omission of the primary or secondary antibodies and by preabsorption with excess (10 g/ml) ␤-endorphin. No labeling was detected under these latter conditions. Double-fluorescent immunohistochemical labeling for c-Fos ϩ ␤-endorphin. The staining procedures were similar to those used for single-fluorescent immunohistochemical labeling described above. Briefly, after treatment with PBST and 1% normal donkey serum, brain tissues were incubated with two primary antibodies, including a mouse monoclonal anti-c-Fos antibody (1:2,000 dilution, Santa Cruz Biotechnology) and a rabbit polyclonal anti-␤-endorphin antibody (1:400, Chemicon International), for 48 h at 4°C. Sections then were incubated with fluorescein-conjugated donkey anti-rabbit antibody and coumarin-conjugated donkey anti-mouse antibody (all 1:100; Jackson Immunoresearch Laboratories) at 4°C for 24 h. The sections were mounted on slides and coverslipped with mounting medium (Vector Laboratories). In the immunohistochemical control studies, no stain was detected when the primary or secondary antibody was omitted.
Brain sections were scanned and examined with a standard fluorescent microscope (Nikon, E400, Melville, NY). Three epifluorescence filters (B-2A, G-2A, or UV-2A) equipped in a fluorescent microscope were used to identify single stains appearing as green (fluorescein), red (rhodamine), or blue (coumarin) in brain sections. Sections containing the ARC were identified according to their best matched standard stereotaxic plane, as shown in Paxinos and Watson's atlas for the rat (25) .
After examination with a fluorescent microscope, selected sections were further evaluated with a laser scanning confocal microscope (Zeiss LSM 510, Meta System, Thornwood, NY) to confirm colocalization of two or three labels. This apparatus was equipped with Argon and HeNe lasers and allowed operation of multiple channels. Lasers of 488-and 543-nm wavelengths were used to excite fluorescein (green) and rhodamine (red), respectively. A 790-nm laser was applied for two-photon excitation of coumarin (blue). Digital fluorescent images were captured and analyzed with software (Zeiss LSM) provided with the confocal microscope. Each confocal section analyzed was limited to 0.5 m thickness in the Z-plane. Images containing more than two colors in the same plane were merged to reveal the relationship between two labels (see Fig. 8 ). Single-, double-, and triple-labeled neurons were evaluated.
Experimental Protocols
ARC and vlPAG in rVLM inhibition by EA. In this protocol, the splanchnic nerve was stimulated 30 times at a frequency of 2 Hz every 10 min. During EA, somatic stimulation was stopped transiently to evaluate the responses to splanchnic nerve stimulation, as we recorded information that allowed construction of the peristimulus time histogram. The evoked activity shown in bar histograms represents peak activity above the baseline firing rate.
ARC PROTOCOLS. In eight time-control cats, the rVLM neural responses to repetitive splanchnic nerve stimulation were recorded every 10 min over a 100-min period. Medullary responses to 30 min of low-frequency EA also were evaluated in six other cats subjected to microinjection of the vehicle control immediately after EA. To determine the importance of the ARC in EA inhibition of the rVLM responses to splanchnic nerve stimulation in eight additional cats, we recorded poststimulus time histogram activity (30 stimuli, 2 Hz) before, during, and after 30 min of EA at P 5-6 acupoints, followed immediately by microinjection of 50 nl KA (1 mM) in the ARC.
VLPAG PROTOCOLS. We recorded and later anatomically identified the locations of 34 neurons receiving convergent input from the ARC, splanchnic, and somatic afferents to determine their locations within the vlPAG. Their location served as an anatomical guide for microinjection of KA in the depolarization blockade protocol. In eight cats, rVLM activity was evaluated, while the splanchnic nerve was stimulated repetitively. As a surrogate for EA, after two-control splanchnic nerve stimulations, 50 nl of 4 nM DLH were injected in the ARC nucleus. To evaluate the role of the rostral vlPAG (A 0.1-3) in five animals and the caudal vlPAG (P 1-A 0) in four other animals, 50 nl KA (1 mM) were microinjected in the vlPAG, while 50 nl DLH (4 nM) were administered in the ARC to evoke rVLM responses. Four additional control animals were injected with normal saline (vehicle for KA) in the rostral and caudal vlPAG.
All rVLM neurons evaluated in this study were demonstrated to receive convergent input from the splanchnic, median, and baroreceptor nerves. A subgroup of six neurons was identified to be sympathoexcitatory by noting their close correlation with renal sympathetic nerve activity using spike-triggered averaging.
Collision testing was used in 14 cats to assess for evidence of direct projections from the ARC to the rVLM.
Hemodynamic protocol. Pledgets of filter paper (1 cm 2 ) soaked in a solution of bradykinin (BK; 10 g/ml) applied to the gallbladder in five cats induced consistent reflex increases in blood pressure during repetitive gallbladder stimulation. Recovery periods of at least 10 min were provided between consecutive stimuli to prevent tachyphylaxis. In nine other animals, BK was applied 10 times to the gallbladder to induce repetitive increases in blood pressure over a period of 100 min. After the first two consecutive applications of BK, 50 nl DLH (4 nM) were microinjected in the ARC nucleus. KA (1 mM, 50 nl, in four cats) or saline (50 nl, in five other cats) was administered in the rostral or caudal vlPAG. Thus these protocols evaluated the magnitude of the gallbladder blood pressure reflex during excitation of the ARC following chemical inactivation of the cell bodies in the vlPAG.
C-Fos expression induced by EA. Previously, our laboratory has shown a significant increase in c-Fos and in its colocalization with ␤-endorphin in the ARC of cats following EA stimulation at the P 5-6 acupoints, compared with sham-operated controls (9) . In the present study, we sought to qualitatively identify c-Fos expression induced by EA in neurons containing both the retrograde tracer and ␤-endorphin. Four of eight rats were subjected to EA. Low-frequency EA (0.5-ms pulses, 2 Hz, 1-4 mA) at the P 5-6 acupoints was maintained for 30 min, as described in the above physiological protocols. The stimulation intensity was sufficient to produce moderate, repetitive paw flexion in each forelimb. In the other four rats, insertion of acupuncture needles into the P 5-6 acupoints without electrical stimulation served as sham controls for EA.
Verification of Injection and Recording Sites
Animals were euthanized with ␣-chloralose followed by intravenous saturated KCl at the end of each experiment. Recording sites were marked with 2% Chicago blue dye by either iontophoresis (5 min, 400 nA) or microinjection (0.1 l). The hypothalamus, midbrain, and medulla were removed and fixed in 10% formalin for 4 -7 days. Frozen serial 60 m brain sections were cut with a freezing microtome (Leica CM 1850). Slices were stained with neural red and examined with a microscope (Nikon eclipse 6400) to identify recording, microinjection, and stimulation sites. These areas were reconstructed from the dye spots with New Bitmap Image plotted on coronal sections that were separated by 2 mm, with respect to the auditory line. Composite coronal caudal and rostral sections were composed from multiple tissue sections. Sections were scanned and then traced with Corel suite software. Nuclei were traced and superimposed with nuclear structures identified with the aid of Berman's atlas (2) for the medulla and the atlas of Bureš et al. (4) for the hypothalamus and midbrain of the cat.
Statistical Analysis
Values are presented as means Ϯ SE. The assumption of normal data distribution was evaluated with the Kolmogorov-Smirnov test. Neural activity (spikes/30 stimuli) in response to splanchnic nerve stimulation before, during, and after EA, and after delivery of saline, DLH, or KA was assessed using a one-way repeated-measures analysis of variance, followed by the Holm-Sidak post hoc test. These tests represent a pairwise multiple-comparisons procedure. We utilized SigmaStat and SigmaPlot software (Jandel Scientific, San Rafael, CA) for statistical analysis and graphing. The 0.05 probability level was used to determine statistically significant differences.
RESULTS
Role of ARC in EA-rVLM Response
Evoked rVLM responses to stimulation of the splanchnic nerve 10 consecutive times in eight control cats were consistent, varying between 14 Ϯ 3 and 12 Ϯ 5 spikes/30 stimuli (Fig. 1A) . Thirty minutes of low-frequency EA at P 5-6 (median nerve stimulation) reduced the rVLM response from 10 Ϯ 2 to 2 Ϯ 1 spikes/30 stimuli (P Ͻ 0.05). Bilateral microinjection of KA into the ARC nuclei in eight cats did not significantly alter baseline blood pressure or heart rate, but reversed the inhibitory influence of EA on the rVLM-evoked neuronal response from 2 Ϯ 1 to 6 Ϯ 3 spikes/30 stimuli (Fig.  1B) . Microinjection of the saline control did not affect the EA-induced inhibition (from 10 Ϯ 2 to 4 Ϯ 2 spikes/30 stimuli), which lasted for more than 50 min (Fig. 1C) .
ARC-vlPAG-rVLM Pathway
Convergent activity in 30 rVLM neurons was examined following injection of DLH into the cats' ARC nucleus and during separate electrical stimulation of the splanchnic or somatic nerves, located beneath acupoints. We found that the vlPAG neuronal responses to stimulation at P 5-6, LI 4 -11, LI 6 -7, H 5-7, St 36 -37, SP 6 -9, or St 2-G2 acupoints were greater than the responses to simulation of G 37-39 or splanchnic nerve. All neurons were located in the rostral portion of the vlPAG (A 0 -3). Figure 2 shows responses to splanchnic and somatic nerve stimulation, plotted separately by responses to stimulation at each set of acupoints in the 30 neurons that were evaluated. Twenty-two of the vlPAG neurons also received input from the ARC nucleus. As we demonstrated in a previous study (32) , EA at P 5-6 increases the vlPAG response to splanchnic nerve stimulation. Four other neurons located either dorsal, lateral, ventral (A 0.1-1), or more rostrally (A 7) in the vlPAG did not show any facilitation of the splanchnic nerveevoked vlPAG response during EA. Stimulation of P 5-6 evoked somewhat larger responses than those occurring during splanchnic nerve or superficial peroneal nerve (G 37-39) stimulation. Combined with our previously published data, these results suggest that the A 0 -3 region of the vlPAG plays a role in the EA cardiovascular response.
As a surrogate for EA, microinjection of DLH in the ARC of eight cats inhibited the rVLM-evoked responses from 9 Ϯ 3 to 3 Ϯ 1 spikes/30 stimuli, followed by recovery to 8 Ϯ 2 spikes/30 stimuli after 50 min (Fig. 3A) . Normal saline injected in the rostral or caudal vlPAG as a control did not alter the ARC DLH-related rVLM inhibition in four control animals (Fig. 3B) . Conversely, bilateral microinjection of KA in the rostral vlPAG (A 0.1-3) partially reversed the ARC nucleus DLH-induced rVLM response (Fig. 3C) , while inactivation of the caudal vlPAG (P 1-A 0) completely reversed the DLHinduced response (Fig. 3D) .
ARC-rVLM Projections
Stimulation of the rVLM in 6 of 14 cats induced antidromic responses in the ARC nucleus with a constant latency that averaged 17 Ϯ 6 ms and was consistent during high-frequency stimulation at 200 Hz. Similar to our laboratory's previous work (18), we found that the spontaneous firing of neurons in the ARC was low. However, these neurons responded to stimulation of the splanchnic nerve and P 5-6 acupoints. Neural responses in the ARC to stimulation of the rVLM were "all or none" and had a threshold of 0.25 Ϯ 0.03 mA. We observed collision of the antidromic and orthodromic potentials evoked by stimulation of P (Fig. 4) . The average distance between the rVLM and the ARC was 27 Ϯ 2 mm, and the estimated axonal conduction velocity was calculated to be 2.7 Ϯ 0.8 m/s. The mean refractory period was 3 Ϯ 0.6 ms.
5-6 in each animal
Classification of rVLM Sympathetic Cardiovascular Neurons
The rVLM neurons in cats evaluated in this study were found to function as cardiovascular sympathoexcitatory neurons, and, using the following criteria, a number were shown to be presympathetic in nature. First, 18 neurons subjected to frequency domain analysis exhibited a strong relationship to the cardiac cycle, demonstrating a strong average coherence of 0.85 Ϯ 0.02 at 3.7 Ϯ 0.2 Hz and a correlation of 0.8 Ϯ 0.03 (Fig. 5A) . Second, the subset of six neurons whose activity was recorded simultaneously with renal sympathetic nerve discharge uniformly showed a strong coherence and a high correlation (0.86) of discharge activities at a frequency of 3.3 Hz (Fig. 5, B and C) . Third, 15 of the 18 neurons examined with respect to their response to baroreceptor input demonstrated increased activity (4 Ϯ 1 to 9 Ϯ 3 spikes/s) when blood pressure was lowered (138 Ϯ 9 to 82 Ϯ 6 mmHg) following intravenous nitroglycerin, and decreased activity (4 Ϯ 1 to 2 Ϯ 1 spikes/s) when blood pressure was raised (115 Ϯ 8 to 180 Ϯ 9 mmHg) with intravenous phenylephrine (Fig. 5, E and F) .
Roles of ARC and vlPAG in EA Inhibition of Visceral-Cardiovascular Reflexes
The reflex blood pressure responses in cats to repeated application of BK on the gallbladder were constant over time and were unaltered by microinjection of the vehicle, normal saline, in the ARC or the vlPAG (Fig. 6A) . The blood pressure responses to application of BK on the gallbladder averaged 41 Ϯ 6 mmHg. Like EA, DLH stimulation of the ARC nucleus significantly reduced the blood pressure responses to 29 Ϯ 6 mmHg (P Ͻ 0.05). Chemical blockade of cell bodies in the caudal vlPAG (P 1-A 0) with KA completely reversed the DLH ARC-related inhibition (40 Ϯ 8 mmHg, Fig. 6B ), while microinjection of normal saline did not influence the DLH inhibitory response (Fig. 6C) .
Location of Microinjection and Recording Sites
The 36 rVLM neurons of cats recorded in this study were located 2.4 -4.4 mm rostral to obex, 2.8 -3.8 mm lateral to the midline, and 0.1-1 mm from the ventral surface of the medulla, a region that was ventral and medial to the retrofacial nucleus and lateral to the inferior olive nucleus and pyramidal tract. By virtue of our selection process, all rVLM neurons received convergent input from the splanchnic and somatic nerves (P 5-6). Microinjection sites for all of the protocols localized in the ARC or vlPAG are shown in Fig. 7 . Five rVLM neurons responding to somatic nerve stimulation during EA did not respond to splanchnic nerve stimulation. These neurons were not further studied. Six of the fourteen ARC neurons studied were activated antidromically from the rVLM. Eight additional neurons that were located dorsal or lateral to the ARC did not display antidromic responses during rVLM stimulation (Fig.  7B of ARC) . Twenty-one rVLM neurons responding to splanchnic nerve stimulation were inhibited by DLH administered bilaterally in the ARC (Fig. 7, both panels of rVLM) . Five other neurons located dorsal, lateral, or medial to the rVLM did not respond to microinjection of DLH in the ARC nucleus, demonstrating the medullary anatomical specificity of projections from this nucleus (Fig. 7, both panels of rVLM) .
Retrograde Labeling and Immunohistochemical Staining
Following injection of microspheres into the rVLM in five rats subjected to EA (n ϭ 3) or control stimulation (sham EA, n ϭ 2), we observed that neurons containing the retrogradely transported microspheres were distributed rostral-caudally throughout the ARC and paraventricular nuclei. In the other three rats (one EA and two sham EA), injections were observed to be outside rVLM in adjacent regions (dorsal or medial to the rVLM; Fig. 8, bottom) . Evaluation of the hypothalamus of the later group demonstrated no tracer cells in the ARC, whereas many cells containing the microsphere label were observed in the dorsomedial hypothalamic nucleus, dorsal hypothalamic, and posterior hypothalamic areas. Similar to our previous observations (9) , we noted that ␤-endorphin was located in the ARC nucleus, but not in other hypothalamic nuclei of all five rats. We found some ARC neurons labeled with retrograde tracer that colocalized with ␤-endorphin. These double-labeled neurons represented 22% of the cells containing ␤-endorphin and 31% of neurons labeled with the microsphere tracer. Also, similar to our laboratory's previous findings in cats (9) , we noted more Fos immunoreactivity located bilaterally in the ARC nucleus of EA-treated rats (n ϭ 3) than the controls (n ϭ 2). Moreover, colocalization of Fos nuclei with the retrograde tracer and/or ␤-endorphin was observed frequently in EA-treated rats, but only rarely in controls. Figure 8 demonstrates confocal images of neurons triple-labeled with c-Fos, microspheres, and ␤-endorphin in the ARC of a rat that had been subjected to EA.
DISCUSSION
We demonstrated in the present study that KA-induced depolarization blockade of the ARC nucleus in the ventrolat- in ARC, n ϭ 6; ᮀ, NS in ARC, n ϭ 13. B: F, antidromic recordings in ARC, n ϭ 6; E, hypothalamic neurons unresponsive to antidromic stimulation of rVLM, n ϭ 8. Middle: ■, KA in rvlPAG (n ϭ 5) and in cvlPAG (n ϭ 8); ᮀ, NS in vlPAG, n ϭ 16; {, recording of neuronal response to stimulation of the splanchnic nerve and somatic acupoints (n ϭ 30); E, recordings outside vlPAG at A 0.1-3 level (n ϭ 3, another unresponsive neuron located more rostrally, A 7) is not shown in this figure. Bottom: OE, rVLM neurons responding to EA, n ϭ 12; , rVLM evaluated for time control, n ϭ 8; ଙ, rVLM neurons inhibited by DLH in ARC, n ϭ 12; }, DLH in ARC, KA in rvlPAG (n ϭ 5) and cvlPAG (n ϭ 4), and recording in rVLM; ଝ, medullary neurons outside rVLM unresponsive to DLH in ARC; n ϭ 5; F, antidromic stimulation in rVLM, n ϭ 6; E, antidromic stimulation outside rVLM, n ϭ 8. Retrofacial nucleus (RFN), nucleus of the inferior olive (IO), and alaminar spinal trigeminal nucleus (5SP) are indicated. eral hypothalamus partially but rapidly reverses EA inhibition of cardiovascular visceral afferent-induced increases in rVLM neuronal activity. KA is known to induce depolarization blockade of neuronal function that is reversible under certain conditions, particularly those associated with the use of low concentrations of this agonist (10) . Our studies show that microinjection of KA into the ARC does not significantly influence baseline blood pressure or heart rate. However, rVLM neuronal activity decreased transiently following KA, recovering to its original level within 10 min. The influence of KA blockade on EA-related changes in rVLM activity was observed after 10 min. These responses to KA are consistent with its known ability to initially depolarize neurons and then block their activity after a short delay (10) . We found that microinjection of DLH in the ARC, like EA, inhibits rVLM neural responses to splanchnic nerve stimulation for more than 20 min, a response that recovers slowly, ϳ50 min after injection of DLH. Collectively, these data suggest that the ARC nucleus serves as an important nucleus that processes information during prolonged inhibition by EA of cardiovascular sympathetic neurons in the rVLM.
Chemical blockade of cellular activity in the ARC partially reversed the EA-associated rVLM response, suggesting that either incomplete blockade of ARC neurons or the presence of other pathways not involving the ARC contribute to the EAassociated inhibitory response. These could include direct input from somatic afferents to the vlPAG, medullary raphe, or rVLM nuclei, since we have shown that EA can activate neurons in all three nuclei (23, 32) . Either possibility could have occurred, but neither prevents the interpretation that during EA the ARC nucleus contributes to inhibition of rVLM activity.
As shown in Fig. 2 , the responses of vlPAG neurons to stimulation of P 5-6, LI 4 -11, LI 6 -7, H 5-7, St 36 -37, or St 2-G 2 acupoints are higher than the responses to activation of G 37-39 or splanchnic nerve stimulation. Point specificity is a complex issue. Our laboratory has previously demonstrated that this phenomenon is related to the degree of input to various regions that regulate sympathetic outflow, such as the rVLM (31) . Thus, while a number of acupoints can have a small amount of input to the regions that comprise a long-loop pathway, including the vlPAG and the ARC nucleus, the influence of these points on this pathway, as well as the rVLM, appears to be related significantly to the extent of input.
Our previous studies have shown that the ARC provides excitatory projections to the vlPAG, and that chemical blockade of neural activity in the ARC decreases visceral afferentrelated vlPAG activity, while similar blockade in the vlPAG attenuates EA-related cardiovascular modulation (18, 32) . The present electrophysiological study extends these earlier observations by demonstrating that inhibition of rVLM neuronal response following vlPAG blockade also occurs during direct chemical stimulation of the ARC. Furthermore, similar to the effect of ARC KA blockade on sympathoexcitatory rVLM activity noted above, depolarization blockade of the ARC eliminates EA modulation of visceral-cardiovascular reflexes, while stimulation of the ARC in the absence of EA modulates these excitatory responses. Thus the ARC represents an important component of the long-loop pathway in EA-related inhibition of rVLM presynaptic neurons and excitatory cardiovascular reflex responses.
A significant remaining question is whether the ARC-rVLM inhibitory responses are poly-or monosynaptic. As noted above, our laboratory previously provided indirect evidence to suggest the presence of a polysynaptic pathway between the ventral hypothalamus and the medulla with one or more synapses in the vlPAG midbrain region (18, 32) . The present study demonstrates that bilateral blockade of the rostral vlPAG partially reverses the ARC-related inhibitory rVLM response, while bilateral blockade of the caudal vlPAG completely reverses this response. Our laboratory's previous anatomical study likewise demonstrated the importance of the caudal region of the vlPAG in response to EA at P 5-6, since we observed relatively denser c-Fos labeling in this region compared with the rostral vlPAG (8) . Thus the vlPAG, particularly the caudal portion of this nucleus, appears to be a necessary component of the ARC-rVLM long-loop modulatory pathway in the EA cardiovascular response.
Since the present study demonstrated that the vlPAG, especially the caudal vlPAG (A 0.6-P 1.5), is a required region for the inhibition on cardiovascular response (5), the importance of other pathways, including a direct connection between the ARC and the rVLM in the EA response, might be questioned. In this regard, early studies by Lovick (21) reported that, after injection of horseradish peroxidase in the nucleus paragigantocellularis lateralis (PGL) in the rVLM of cats, labeled cells were found in the dorsomedial, but not the ventromedial, hypothalamus. Lovick suggested the existence of direct projections from the dorsomedial hypothalamic areas to the PGL. Additionally, Li and Lovick (20) studying rats, documented antidromically stimulated neurons in the PGL in the medulla that project from perikarya in ventral hypothalamus. However, they did not observe direct projections from the ARC to the PGL. In the present study, we observed direct projections from the ARC to the rVLM. This was relatively specific, as we did not observe direct projections from the ARC to dorsal or medial regions adjacent to the rVLM. We recognize, however, that additional tracing studies would need to be carried out to carefully evaluate for the presence of connections between the ARC and other regions in the medulla.
Using collision techniques, we were able to detect the presence of direct projections between the ARC and the rVLM, although one might question the accuracy of antidromic stimulation to identify direct pathways between these two regions, since there could be current spread. However, these ARC neurons, which showed antidromic responses from rVLM stimulation, each received convergent afferent input from the splanchnic nerve and P 5-6 acupoints. It is also consistent with a previous study in which we detected ␤-endorphin-containing fibers but no cell bodies in the rVLM, even after colchicine treatment (8) , leading us to speculate that opioid projections from the ARC, a rich source of ␤-endorphin-containing cells (3), may extend to the rVLM. In this regard, we recently confirmed the existence of two populations of ARC neurons containing excitatory (glutamate) and/or inhibitory neurotransmitters (including endorphins or enkephalins) that are activated by EA (9) .
We have previously documented a role for inhibitory peptides, including opioids, with respect to the modulatory influence of EA on rVLM neuronal activity evoked by splanchnic stimulation. For example, our laboratory has shown that this EA-related inhibition is blocked by nonspecific opioid blockade with naloxone as well as with -and ␦-opioid-receptor antagonism (7, 14, 29) . We thus concluded that naloxone, as well as -and ␦-opioid blockade, in this brain stem region modulates the EA-related cardioinhibitory response. Furthermore, opioid receptor blockade inhibits the prolonged inhibition by EA of sympathoexcitatory premotor sympathetic neurons in this region (29) . The specific observation that -opioidreceptor blockade antagonizes the sympathatoexcitatory modulatory influence of EA strongly suggests that EA operates, in part, through a mechanism involving ␤-endorphin, since this neurotransmitter is one of the principal endogenous ligands from this receptor (11, 28) .
More importantly, in the present investigation, we found that perikarya in the ARC of several rats were labeled with a retrogradely transported microsphere tracer following microinjection into the rVLM. The locations of injected tracer in the medulla of all five rats closely matched with the rVLM as defined by Paxinos and Watson's atlas for the rat (25) . This site is located 2.0 -2.6 mm lateral from the midline and 0.2-0.6 mm from ventral surface of the medulla. It is lateral to the paragigantocellularis nucleus, ventral to the Botzinger complex, and medial to the VII cranial nucleus at the high rostral level (25) . Thus our tracing studies confirm the antidromic stimulation data by providing anatomical evidence for a direct neuronal projection from the ARC to the rVLM. Some of the retrogradely labeled neurons also contained ␤-endorphin and Fos induced by EA stimulation. The c-Fos, an immediate early gene, is a marker that identifies neurons activated by afferent input, for example, during EA (8, 9) . Taken together, our previous and present findings suggest the existence for an opioid neuronal pathway projecting from the ARC to the rVLM that could underlie the opioid action of EA on rVLM activity. In this regard, we have shown previously that ␤-endorphin acting through -opioid receptors and enkephalin acting through ␦-opioid receptors participate in EA modulation of sympathoexcitatory reflex responses (17) . Furthermore, our anatomical data show that, while enkephalins are detected in the perikarya of EA-activated neurons in the rVLM, ␤-endorphin is detected in cell bodies of neither the rVLM nor vlPAG (9) . Rather, ␤-endorphin is located only in cellular processes (axons) in the rVLM. Thus, while the vlPAG, especially the caudal vlPAG, is required for the EA inhibitory response, the ARC may directly supply endorphins to the rVLM.
Conclusion
Neurons in the ARC nucleus projecting to the rVLM potentially participate in EA inhibition of reflex cardiovascular sympathoexcitation. Our data indicate that the indirect, i.e., polysynaptic vlPAG projections from the ARC are required for EA regulation of sympathoexcitatory presympathetic rVLM activity and the cardiovascular excitatory reflex responses during EA, while a direct pathway between the ARC and rVLM might serve as a source of endorphins for EA cardiovascular modulation.
